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Novel  Electric-Field  Effects  in  Quantum  Wells,  Superlattices,  and  Microcavities 

(Period:  August  1995  to  November  1999) 


Introduction 

It  is  now  almost  two  decades  since  the  first  proposal  and  demonstration  of  the  effects  of  an 
external  field  on  the  electronic  properties  of  quantum  wells.  During  this  time,  those  effects  have 
been  exploited  in  optoelectronic  applications  (for  instance,  in  electro-optic  modulators)  and  have 
been  used  to  elucidate  important  physical  concepts  (e.g.,  the  Wannier-Stark  ladder  in 
superlattices).  In  spite  of  the  relative  maturity  of  the  subject,  new  physics  ideas  keep  coming  to 
light  and  new  possibilities  for  applications  keep  appearing.  In  the  following,  we  highlight  some 
of  the  concepts  developed  along  those  lines  as  part  of  this  ARO  grant  in  the  1995-99  period. 
Rather  than  describing  in  detail  all  the  projects  we  have  been  involved  with  during  the  tenure  of 
this  grant,  we  focus  here  on  the  work  that  is  already  completed  and  that  represents  the  core  of  the 
initial  proposal.  Also  initiated  during  that  period  is  our  preliminary  work  on  optical  gain  in 
intersubband  cascade  lasers  based  on  type  II  heterostructures  and  on-going  work  on  time- 
resolved  semiconductor  microcavities,  both  of  them  described  in  previous  annual  reports. 


Accomplishments 

1.  Tuning  by  an  Electric  Field  of  the  Exciton-Exciton  Interaction  in  Quantum  Wells 

The  two  components  of  a  spin-polarized  exciton  gas  have  different  energy,  as  a  result  of  a 
density-  and  spin-dependent  modification  of  the  two  dimensional  exciton  binding  energy  by  two 
competing  processes:  the  exchange  interaction  between  electrons  (and  holes)  of  different 
excitons,  and  the  vertex  correction  to  the  Coulomb  interaction  between  electrons  and  holes  of 
different  excitons,  which  effectively  reduces  the  electron-hole  attraction.  The  energy  splitting 
between  the  two  components,  AE,  has  been  observed  in  the  past  in  time-resolved 
photoluminescence  (PL)  experiments  in  quantum  wells,  in  which  a  circularly  polarized  light 
pulse  creates  excitons  with  spin  +1  that  gradually  relax  into  the  spin  -1  state,  until  both 
populations  are  equal. 

However,  until  now  no  experiment  had  tested  the  theoretical  prediction  of  a  decrease  or  even 
a  sign  reversal  in  AE  caused  by  a  modification  of  the  vertex  correction  and  the  exchange  term 
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when  the  overlap  of  electron  and  hole  wavefunctions  is  reduced.  We  have  obtained  the  first 
experimental  evidence  of  such  a  change,  determined  from  measurements  of  AE  in  coupled 
double  quantum  wells  (CDQW)  subjected  to  a  longitudinal  electric  field  that  separates  spatially 
the  electrons  and  holes.  We  not  only  find  a  good  agreement  between  the  observed  energy 
splitting  and  the  predicted  one,  but  our  results  go  beyond  available  models.  Specifically,  we  have 
found  that  screening  of  these  many-body  corrections  is  strongly  reduced  by  the  field,  an  effect  not 
contemplated  by  theory  so  far. 

The  material  structure  used  for  the  experiments  was  an  n+-i-p+  GaAs-AlGaAs  junction.  The 
active  region  consisted  of  ten  CDQWs  periods  separated  from  each  other  by  a  200A  Alo.3Gao.7As 
layer,  and  each  period  formed  by  two  50  A  GaAs  wells  with  a  20A  Alo.3Gao.7As  barrier  in 
between.  An  undoped  AlojGaojAslayer  on  each  side  of  the  CDQW  stack  (1000  A  and  80A 
thick,  respectively)  completed  the  intrinsic  (i)  region  of  the  structure,  whose  p+  and  n+  electrodes 
were  a  5000A  GaAs:Be  layer  and  a  1  pm  thick  GaAs:Si  layer  on  a  [100]  GaAs  substrate, 
respectively. 

Time-resolved  PL  measurements  (at  T  =  8K)  were  performed  at  Universidad  Autonoma  de 
Madrid  (where  the  Principal  Investigator  visited  during  June- July  of  1998  and  January  of  1999) 
using  a  standard  up-conversion  set-up  that  included  a  Ti:Saphire  laser  with  2  ps  pulse  width.  For 
polarization-selective  excitation  and  PL  detection,  X/4  wave  plates  were  placed  in  the  paths  of 
the  laser  beam  and  the  PL  collecting  optics. 

Our  focus  has  been  on  the  two  spin  components  of  ground-state  electron-heavy  hole  excitons 
X{elhhl}.  Initially  a  +1  exciton  population  was  created;  however,  spin-flipping  processes  gave 
rise  to  a  non-equilibrium  mixture  of  +1  and  -1  excitons  with  populations  Nx+(majority)  and  Nx- 
(minority),  respectively.  The  degree  of  polarization,  defined  as  P  =  {Nx+-  Nx-}/{Nx+  Nx-),  was 
found  to  be  initially  Po  =  0.50  ±  0.05,  independent  of  the  electric  field.  A  measure  of  the  exciton- 
exciton  interaction  is  the  energy  difference  AE  between  the  PL  spectra  of  the  X+  and  X  excitons. 

The  electric-field  dependence  of  AE  is  summarized  in  Fig.  1.  The  maximum  splitting  of  4 
meV  is  reached  at  zero  field,  and  then  it  decreases  linearly  until  it  becomes  zero  at  a  field  of  E  = 
35  kV/cm.  The  parameter  cl  in  the  upper  scale  of  Fig.  1  represents  the  average  separation  (along 
the  growth  direction)  between  electron  and  hole  as  calculated  from  the  field  dependent 
expectation  values.  The  zero  splitting  is  reached  at  an  e-h  separation  of  60A,  which  is  a  factor  of 
2.5  larger  than  the  value  predicted  by  the  only  theoretical  model  available.  This  discrepancy  is 
not  surprising  in  view  of  the  simplifications  of  that  model,  such  as  zero  temperature  and  a 
strictly-2D  confinement. 

An  analysis  of  the  power  dependence  of  the  ±1  exciton's  energies  at  a  short  delay  time,  and 
hence  at  constant  polarization,  allows  a  direct  comparison  of  the  experiments  with  theory  and  a 
test  of  its  underlying  assumptions.  At  low  fields  AE  increases  considerably  with  power,  in 
agreement  with  previous  experimental  results  at  zero  field  and  with  the  predictions  of  theory.  At 
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intermediate  fields  E  =  23  kV/cm,  the  splitting  still  grows  with  increasing  power,  however  the 
values  of  AE  are  reduced  with  respect  to  the  low  field  case,  as  a  consequence  of  the  enhanced  e-h 
separation.  At  a  field  E  =  35  kV/cm,  AE  remains  zero  at  all  excitation  powers,  in  agreement  with 
the  theoretical  model,  which  predicts  that  at  a  certain  d  the  vertex  and  exchange  corrections 
become  equal,  independently  of  the  total  exciton  population. 


d  (Angstrom) 


Electric  field  (kV/cm) 

Fig.  1.  Energy  splitting  between  the  +  and  -  exciton  components  as  a  function  of  electric  field.  The  upper  axis 
represents  the  electron-hole  separation  along  the  growth  direction.  The  solid  line  is  a  linear  fit  to  the  data. 

2.  Valence  Band  Order  Controlled  by  Electric  Field  in  Strained  Quantum  Wells 

Optical  modulators  based  on  quantum  wells  and  superlattices  have  very  desirable  properties 
for  two-dimensional  photonic  switch  arrays  used  in  high  speed  fiber  interconnects  and  optical 
parallel  processing:  they  are  fast,  planar,  and  compatible  for  optical  integration  with  devices  such 
as  lasers,  detectors,  and  transistors.  A  possible  modulation  scheme  consists  on  switching  the 
polarization  mode  of  the  electromagnetic  radiation,  either  from  the  TE  to  the  TM  mode  or 
viceversa.  Since  the  predominant  optical  transition  in  semiconductor  quantum  wells  usually 
involves  a  heavy-hole  state  from  the  valence  band,  most  quantum  optical  devices  are  transverse 
electric  (TE)  polarization  functional. 

To  build  a  TM  wave  dominant  structure,  the  light  hole  level  must  overcome  the  splitting 
created  by  the  quantum-size  effect  which  favors  heavy  hole.  This  condition  can  be  achieved  by 
applying  tensile  strain  to  the  quantum  well.  Compressive  strain  decreases  the  heavy  hole 
bandgap  and  increases  the  light  hole  bandgap  whereas  tensile  strain  produces  the  opposite  effect. 
Thus,  under  tensile  strain  the  separation  between  the  heavy-  and  light-hole  subbands  is  reduced, 
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and  given  enough  strain  the  light-hole  subband  may  become  the  lowest  band,  so  that  optical 
emission  or  absorption  will  have  TM  character. 

When  an  electric  field  is  applied  to  a  quantum  well,  the  electron-hole  transition  energy 
exhibits  a  red  shift  and  the  corresponding  oscillator  strength  decreases  because  the  electron  and 
hole  wavefunctions  are  separated  by  the  field.  The  amount  of  shift  depends  on  the  effective 
mass:  the  larger  the  mass,  the  larger  the  shift.  Therefore,  in  a  quantum  well  in  which  the  light 
hole  is  the  lowest  energy  level  relative  to  the  top  of  the  valence  band,  the  heavy  hole  can  become 
the  lowest  level  when  a  sufficiently  large  electric  field  is  applied.  A  field-induced  TM-to-TE 
polarization  switch  becomes  then  possible:  at  zero  or  low  external  bias  the  optical  absorption  of 
the  quantum  well  is  TM  active,  then  at  high  bias  it  is  transformed  into  TE  active. 

To  study  the  viability  of  these  ideas,  we  chose  InGaAs/InALAs  heterojunctions  grown  on  InP 
substrates.  A  quantum  well  composed  of  an  InxGai_xAs  region  and  InyAli_yAs  barriers  with 
x<0.53  and  y>0.52  is  able  to  move  the  light  hole  band  close  to  the  conduction  band  and  heavy 
hole  band  away  from  the  conduction  band  because  the  lattice  constant  of  InyAli-yAs  is  larger  than 
that  of  InxGai.xAs.  In  our  study,  we  have  designed  three  structures  in  which  the  wells  are 
subjected  to  either  no  strain  (sample  A:  150A  In.53Ga.47As  well  with  100A  In.52Al.48As  barriers), 
moderate  tension  (sample  B:  In.50Ga.50As/In.57Al.43As),  and  large  tension  (sample  C: 
h1.48Ga.52As/In.60Al.40As)  to  reverse  the  valence  band  order.  The  samples,  capped  with  p-type 
regions  were  grown  by  molecular  beam  epitaxy  on  n-type  (100)  InP  substrates  at  the  Army 
Research  Laboratory  (Richard  Leavitt's  group). 

Figure  2  summarizes  the  lower  transition  energies  for  samples  A,  B,  and  C  obtained  from  the 
excitonic  peaks  which  are  apparent  in  photocurrent  measurements  at  T  =  100K.  The 
identification  of  the  various  peaks  was  possible  only  after  careful  numerical  calculations  were 
performed  to  determine  the  various  excitonic  interband  transitions  in  the  presence  of  an  electric 
field.  The  envelope  function  approximation  was  used  to  solve  the  Schrodinger  equation  and  the 
finite-difference  method  was  chosen  in  order  to  incorporate  the  electric  field  easily  in  the 
calculation.  When  calculating  the  heavy  hole  and  light  hole  energy  levels,  the  effect  of  strain  was 
included  by  adjusting  the  valence  band  offset  according  to  the  corresponding  strain. 

The  response  of  the  three  samples  looks  alike  except  for  some  differences  on  the  low-energy 
side.  For  sample  A,  the  peaks  at  830  meV  and  840  meV  when  V  =  -IV  originate  in  the  E1HH1 
and  E1LH1  transitions  respectively,  as  it  corresponds  to  a  non-inverted  band  alignment.  On  the 
other  hand,  for  the  same  voltage  the  lowest  transitions  in  sample  C  are  at  810  meV  and  820  meV, 
and  this  time  they  correspond  to  the  E1LH1  and  E1HH1  transitions  respectively.  In  this  case,  in 
which  the  bands  are  inverted  at  zero  or  low  field,  we  observe  that  when  the  bias  increases  the  two 
lines  cross  each  other  at  about  3V.  Then,  at  even  higher  fields,  the  E1LH1  transition  loses 
strength  and  is  not  visible  beyond  -7V. 
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Fig.  2.  Dependence  of  the  peak  energies  of  photocurrent  spectra  (taken  at  T  =  100K)  on  the  external  voltage 
applied  to  three  samples  consisting  of  InGaAs/InAlAs  quantum  wells  of  slightly  different  composition. 


In  sample  B,  with  a  tensile  strain  intermediate  with  those  of  A  and  C,  the  E1HH1  and  E1LH1 
transitions  are  essentially  at  the  same  energy  for  V  =  -IV  at  an  energy  between  those  of  E1HH1 
and  E1LH1  for  sample  A.  Based  on  the  electric  field  dependence,  at  low  fields  the  lo west-energy 
transition  has  a  predominant  E1HH1  character.  However,  in  the  high-field  regime  (V  >  -  8V),  it 
is  the  E1L1  transition  that  dominates.  This  peculiar  behavior  may  be  a  consequence  of  the  strong 
mixing  between  the  neighboring  heavy  and  light  hole  bands,  although  it  does  not  seem  to  explain 
the  high-field  regime,  where  that  coupling  should  be  reduced. 

Our  results  demonstrate  that  by  combining  tensile  strain  and  Stark  effects  a  polarization 
controllable  optoelectronic  device  should  be  feasible. 


6 


3.  Electric  Field  Control  of  Exciton-Photon  Coupling  in  Semiconductor  Superlattices 

In  a  semiconductor  microcavity  with  an  imbedded  quantum  well,  when  the  characteristic 
energy  of  the  cavity  mode  coincides  with  that  of  the  quantum  well  exciton  (resonance  condition) 
there  is  a  strong  coupling  between  the  two,  provided  the  exciton’s  oscillator  strength  is 
sufficiently  large.  In  analogy  to  excitons  in  bulk  semiconductors,  the  dispersion  relation  of  the 
coupled  exciton-photon  system,  termed  polariton,  has  two  energy  branches.  These  branches  have 
a  mixed-mode  character,  with  the  relative  exciton/photon  mix  of  each  branch  being  dependent  on 
the  amount  of  coupling.  Since  the  individual  decay  times  of  a  cavity  mode  and  an  exciton  are 
very  different  (about  1  ps  the  former  and  several  hundreds  of  ps  the  latter),  the  overall  light 
emission  lifetime  depends  strongly  on  the  degree  of  coupling.  Moreover,  the  relative  distribution 
of  a  polariton  population  (created,  e.g.,  by  optical  absorption)  between  both  branches  will  depend 
on  the  decay  times  of  each  one  and  on  the  momentum  relaxation  of  the  polaritons  to  the  bottom 
of  each  branch. 

Because  in  semiconductors  the  emission  wavelength  X  varies  with  temperature  whereas  the 
layer  thickness  does  not,  resonance  between  the  well  exciton  and  the  photon  mode  of  the  cavity 
is  achieved  only  for  a  very  small  temperature  range.  We  have  used  this  fact  to  demonstrate  with 
photoluminescence  spectroscopy  the  existence  of  strong  exciton-photon  coupling  at  moderately 
high  temperatures  (T  =  120K).  In  a  broad  range  of  temperatures  around  a  characteristic 
temperature  To,  the  PL  spectrum  consists  of  two  peaks  corresponding  to  the  exciton  and  cavity 
energies  and  whose  separation  depends  on  T,  being  minimum  at  To  (when  the  resonance 
condition  is  met).  However,  this  way  of  probing  exciton-cavity  coupling  is  impractical  when  To 
is  low,  because  energy-level  thermalization  may  then  prevent  light  emission  from  the  high- 
energy  branch. 

We  have  combined  electric-field  effects  with  the  temperature  dependence  of  the  PL  spectrum 
of  a  semiconductor  microcavity  to  assess  the  degree  of  exciton-photon  coupling  at  low 
temperature,  when  one  of  the  them  is  not  directly  observable.  The  microcavity  studied  was 
formed  by  growing  by  molecular  beam  epitaxy  dielectric  mirrors  on  both  sides  of  a 
semiconductor  region  that  contained  several  isolated  80-A  quantum  wells  with  exciton 
recombination  wavelength  X.  The  mirrors  consisted  of  twenty  three  pairs  of  layers,  each  pair 
formed  by  X/4  regions  of  GaAlAs  and  AlAs.  The  optical  cavity  between  the  mirrors  had  a  length 
of  3X/2,  and  housed  one  quantum-well  pair  at  each  of  the  antinode  positions  of  the  optical 
standing  wave  formed  in  the  cavity. 

Figure  3  shows  representative  photoluminescence  spectra  between  120K  and  7K.  As  T 
decreases,  the  two  peaks  of  the  PL  spectra  shift  to  higher  energy,  but  at  different  rates  and  with 
changing  relative  intensity.  Below  40K  only  the  low-energy  structure  is  discernible.  From  the  T 
dependence  of  the  peaks,  it  is  found  that  the  one  at  the  lower  energy  is  mostly  exciton-like  while 
that  at  high  energy  is  predominantly  cavity-like.  The  fact  that  at  the  lowest  temperatures  the 
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latter  disappears  is  consistent  with  a  thermalized  population  of  polaritons.  However,  how  can  we 
know  whether  there  is  exciton-cavity  coupling? 
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Fig.  3.  (Left)  Photoluminescence  spectra  at  various  temperatures  for  a  microcavity  in  which  80-A  quantum 
wells  are  placed  at  antinode  positions  in  the  cavity. 

Fig.  4.  (Right)  PL  peak  positions  vs  temperature  for  the  spectra  of  Fig.  l(dots)  and  for  spectra  taken  with 
the  wells  subject  to  an  external  electric  field,  (triangles).  The  asterisks  correspond  to  peak  positions  for 
an  80-A  quantum  well  far  away  from  resonance  with  the  cavity. 

We  have  shown  that  exciton-cavity  coupling  exists  at  low  T  by  using  the  fact  that  an  electric 
field  can  modify  the  well  emission  wavelength,  and  therefore  the  strength  of  the  coupling.  The 
dots  in  Fig.  4  indicate  the  peak  energies  of  the  spectra  in  Fig.  3,  corresponding  to  the  two 
polariton  branches.  The  asterisks  are  the  peak  energies  of  an  80-A  well  out  of  resonance  with  the 
optical  cavity.  The  T  dependence  of  the  latter  is  similar  to  that  of  the  polariton ’s  low  branch 
(presumably  exciton-like)  but  not  identical,  the  difference  between  them  first  increasing  with 
decreasing  T  and  then  saturating  at  about  30K  (dots  in  Fig.  4  inset).  The  triangles  in  Fig.  4 
correspond  to  the  microcavity’s  peak  energies  when  an  electric  field  of  60  kV/cm  (Vext  ~  -0-5  V) 
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is  applied  between  the  cavity’s  dielectric  mirrors.  Although  shifted,  the  low-energy  peak  runs 
parallel  to  that  of  the  “bare”  well  (triangles  in  Fig.  4  inset).  The  position  of  the  high-energy  peak, 
on  the  other  hand,  deviates  from  the  analogous  peak  at  zero  field. 

These  results  are  explained  as  follows.  The  electric  field  down-shifts  the  exciton’s  emission 
energy  and  effectively  destroys  the  exciton-cavity  coupling  in  spite  of  the  existence  of  two  PL 
peaks  at  moderate  T.  The  high-energy  peak  for  F  =  60  kV/cm  corresponds  to  the  cavity  mode  in 
the  absence  of  coupling,  even  at  F  =  0  (since  the  field  does  not  directly  affect  the  mode).  Non 
interacting  exciton  and  cavity  modes  would  then  approach  each  other  as  T  decreases,  and  merge 
for  T  <  40K.  The  coupling  breaks  that  degeneracy  in  the  microcavity  at  F  =  0  and  opens  a  3  meV 
“gap,”  which  is  a  measure  of  the  interaction  energy. 
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Interaction  with  Army  Research  Laboratory  Scientists 

We  have  maintained  regular  contacts  with  Drs.  Richard  Leavitt  and  John  Bruno  of  the  Army 
Research  Laboratory.  With  Dr.  Leavitt  we  discussed  our  project  on  field-induced  band  reversal; 
he  grew  in  his  MBE  facility  the  InGaAs/InAlAs  heterostructures  used  in  the  experimental  part  of 
the  proyect.  With  Dr.  Bruno  we  discussed  our  theoretical  work  on  type  II  quantum  cascade 
lasers.  Dr.  Bruno  has  an  active  interest  in  the  subject,  which  has  direct  relevance  to  the  Army 
Research  Laboratory  mission  on  communications  and  detection. 


Honors 


On  October  23,  1998,  in  a  solemn  ceremony,  the  Principal  Investigator  received  the  Principe 
de  Asturias  Prize  for  Science  and  Technology,  the  most  prestigious  award  among  Spanish¬ 
speaking  countries,  for  his  pioneering  work  on  semiconductor  heterostructures,  including  the 
effects  of  an  electric  field  on  the  optical  properties  of  quantum  wells  and  superlattices.  This 
work  has  been  partially  supported  by  the  ARO  over  the  years. 
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